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All preparations of ribonuclease-S so far reported have employed limited
digestion of ribonuclease-A with subtilisin,' a bacterial proteinase from
B. subtilis described by Giintelberg and Ottesen.' The original supply
of this latter enzyme is now exhausted. Another sample of a crystalline
proteinase from B. subtilis (NOVO Enzyme) has been shown to differ
from the original in several respects,' including its ability to produce
satisfactory yields of ribonuclease-S (ref. 1, footnote 2). This paper
reports the successful use of a commercially available bacterial proteinase
("Nagarse") for the digestion of ribonuclease and the detailed procedures
found most useful for the preparation of the RNase-S.t in gram amounts.
Some incidental observations on the action of subtilisin on ribonuclease-B
are also included.
MATERIALS AND METHODS
A number of commercial samples of crystalline bovine pancreatic
ribonuclease have been used in this work: Armour Inc., Chicago, Ill.
(Lots No. 381-059 and 381-062; Worthington Biochemical Corp., Free-
hold, N.J. (Lots No. R535 and R16); Sigma Chemical Co., St. Louis, Mo.
(Lot No. R99-80); L. Light and Co., Ltd., Colnbrook, Bucks, England
(two different Lots, numbers unspecified). When chromatographed on
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¶ The abbreviations used are: RNase-A, the principal chromatographic component
of bovine pancreatic ribonuclease; RNase-S, subtilisin-modified ribonuclease; S-
Peptide, the 20 residue peptide component obtained from RNase-S; S-Protein, the
protein component obtained from RNase-S; RNase-B (-B1, -B2), the minor chromato-
graphic components of native ribonuclease; RNase-S(B.) or RNase-S(B2), the
enzyme obtained by subtilisin modification of the indicated native B component.
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the Amberlite resin IRC-50 all of these samples show at least three peaks
of absorbance at 280 m,. The fast running material near the solvent front
shows no enzymic activity and has an absorption spectrum different from
that of a protein. The next peak, usually smaller, is designated RNase-B
and has about the same specific activity as the major following peak,
RNase-A. The relative amounts of the various peaks varies from sample
to sample. Where tested, the chromatographically prepared RNase-A
samples from these sources have been indistinguishable.
The subtilisin2 used in this work was kindly donated by Dr. Martin
Ottesen. The dry crystalline proteinase "Nagarse," prepared by the Nagase
and Company, Ltd. of Japan, was obtained from the Biddle Sawyer
Corporation, 20 Vesey St. New York, N. Y. (Lots No. CEL 1369 and
OB 62005). Crystalline trypsin, Lot No. 62330, was obtained from the
Worthington Biochemical Corporation. Stock solutions of these enzymes,
5 to 10 mg./ml. of water, were frozen and stored at -15°C. After a week,
aqueous solutions of Nagarse showed considerable loss of activity due to
autodigestion. Solutions should be freshly prepared or stabilized with
calcium salts.'
Ribonuclease activity measurements, employing yeast ribonucleic acid
as substrate, were carried out as previously described.! Amino acid analyses
were performed by the method of Spackman, Stein, and Moore.6
Chromatographic separation was routinely carried out on 5 x 35 cm.
columns of the Amberlite resin IRC-50 (new designation CG-50 Type 2,
Fisher Scientific Co.) operated at 20C.7'1 The eluting liquid was 0.2M
sodium phosphate buffer at a flow rate of 50 ml./hr. The pH of this
buffer may be anywhere between 6.0 and 6.4. When the column was
operating perfectly, satisfactory separation of RNase-A and RNase-S
could be obtained at pH 6.4, and the peaks were contained in relatively
small volumes of the eluate. At pH 6.0 the peaks were spread out and the
separation was greatly improved. However, the volume of liquids to
be handled subsequently was substantially increased. A good compromise
was pH 6.1. Recycling of the resin and repouring of the column need only
be done when the separations become poor due to peak broadening or when
bacterial growth at the resin surface becomes marked. Larger columns
may be used but are more difficult to maintain with repeated use. The
column load may be 600 to 700 mg. of a single component or more of a
mixture. Satisfactory separations of RNase-A and RNase-B are obtained
with 1 gm. of commercial preparations.
In view of the much larger capacity of carboxymethylcellulose a number
of attempts were made to use this material following the procedure of
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Taborsky.8 At pH 8 RNase-A and RNase-S were not separated satisfactorily
with an ionic strength gradient although RNase-S moved slightly faster
than the native enzyme. At pH 6.6 RNase-S moved slightly slower but
again separation was poor. Employing a pH and salt gradient with the
resin initially buffered at pH 6, it was possible to get excellent separation
in small scale runs (20 mg. on 1 x 22 cm. column), RNase-S appearing as
a sharp narrow peak at pH 7.3 and RNase-A at pH 7.6 and somewhat
higher ionic strength. However, all attempts so far to scale up the pro-
cedure to handle gram quantities have failed. The columns were run with
aqueous triethylamine acetate: acetic acid mixtures in the hope that the
buffers could subsequently be removed merely by lyophilization. This
latter step also proved undesirable, because of melting and foaming during
lyophilization, even if separation had been achieved. The carboxymethyl
cellulose columns were used for the separation of the RNase-B samples
referred to later.
The ribonuclease sample was dissolved in O.1M KC1 to give a 5-10 per
cent solution and adjusted to pH 8.0 with IN HC1 or NaOH. An aliquot
of the stock proteinase solution was added to give the specified weight
ratio and the digestion allowed to proceed at 2°C. Since only the very
early stages of hydrolysis were of interest, the pH changes were small
and no buffer was required. The extent of formation of RNase-S was
followed by a differential assay. Aliquots of the digest were adjusted to
pH 2 and allowed to stand for one hour at room temperature to destroy
the proteolytic activity of the Nagarse. They were then readjusted to
pH 8 and the enzymic activity was measured both before and after
digestion with trypsin. Since RNase is not attacked by trypsin under the
conditions used and RNase-S is rapidly inactivated,' the fraction of the
total activity which disappeared on trypsin treatment represented the
RNase-S present in the Nagarse digest at the time of sampling. The
tryptic digestions were done at pH 8 in 0.1 M Tris buffer at a trypsin
concentration of 0.3 mg./ml., for four hours at room temperature.
A less accurate, but much faster, differential assay can be carried out
by the Kunitz spectrophotometric procedure in which the decrease in
absorbance at 300 mu of ribonucleic acid in the presence of the enzyme
is followed as a function of time. For this assay the substrate and enzyme
may be dissolved in either aqueous buffer solution or in buffered 8 M
urea. Native ribonuclease retains its catalytic activity in the presence
of substrate even in 8 M urea. RNase-S, however, is completely inactive
in this solvent. The enzyme digest sample should be allowed to stand
in 8 M urea for at least 15 minutes before the assay is performed as
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the loss in activity is not instantaneous. As in the trypsin assay, the
RNase-S content is obtained by difference, in this case between the
activity in water and the activity in urea. All measurements should be re-
ferred to a native enzyme standard in the same solvent as the test system
because the time course of the absorbance change is affected by the nature
of the solvent.
Of the many procedures tried for removing the salt from the chroma-
tographic fractions, the most convenient has been a rocking dialyzer.
Five Visking cellophane bags 24/32" and 50 cm, longwere fitted over rubber
TABLE 1. DIGESTION OF RIBONUCLEASE-A AT VARIOUS PH VALUES
RNase-A 0.5 mg./ml. of 0.1 M Tris buffer pH as indicated. Nagarse
added at 1: 500 weight ratio. Digestion carried out for 21 hours at 2° C.
Assay figures corrected for blank absorbance at 260 m,u (Amo = 0.17).
Assay before tryp- Assay after tryp-
tic digestiox tic digestion RNase-S as per cent
pH A'sto A,,. of total activity
6 0.51 0.20 61
7 0.46 0.14 71
8 0.47 0.08 82
9 0.48 0.12 76
10 0.64 0.15 76
stoppered glass tubes at one end and tied off at the other. They were
arranged in jackets connected in series. The cellophane tubing was
acetylated in dry pyridine containing 10 per cent by volume of acetic
anhydride at room temperature for 15 hours following the directions of
Craig and Konigsberg.1' This procedure reduced the porosity of the cello-
phane sufficiently to prevent completely the loss of protein while still
permitting a rapid loss of salt. With this equipment the half time for the
loss of the phosphate buffer was about three hours at 2°C. Dialysis was
usually carried out overnight requiring about five gallons of distilled water
for the 700 ml. total in the sacks. The flow rate was adjusted to 50 to 100
ml. per minute. The same sacks could be used for many weeks in the
cold room without apparent damage.
The removal of the last traces of salt was carried out by ion exchange.
The dialyzed liquid was passed over columns of 3 x 15 cm. of IR-120
(hydrogen cycle), 3 x 15 cm. IRA-400 (hydroxide cycle), 3 x 5 cm.
IR-120 (hydrogen cycle) in that order. The columns were fitted together
with minimum void volumes but could be taken apart for ease in re-
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generation. The dialysis was efficient and many liters of protein solution
could be run over a column "stack" before the exchange capacity was
exhausted.
The fully desalted solutions were lyophilized and the protein obtained
as a very light powder. The total losses during the dialysis, exchange
and lyophilization procedures rarely exceeded 10-15 per cent and were
frequently less.
I I I I
~0.7-
E
0 0.6-
oJ -%Q3
004
Z bmQ3
0 0.
0.1
0 0.5 1.0 I.5 2.0 2.5 3.0 3.5
EFFWENT VOLUME-LITERS
FIG. 1. Chromatogram of a digest of 0.5 gm. of commerical ribonuclease (L. Light
and Co.) on a 5 x 32 cm. column of Amberlite CG-50 ion exchange resin at 20 C.
Eluting liquid was 0.2M sodium phosphate buffer pH 6.0. The prior digestion was
carried out with a 1: 450 weight ratio of Nagarse to RNase at 2° C. and pH 8 until
72 per cent conversion to RNase-S was obtained. The thick solid line represents the
absorbance of the eluate at 280 m,. The open circles and light line give the absorbance
at 260 m,u of the RNase activity assays performed with 25 ,IA aliquots of the eluate.
The closed circles give the activity of duplicate aliquots after digestion with trypsin.
RESULTS AND DISCUSSION
The data in Table 1 show that accurate pH control is not necessary
for the production of substantial yields of RNase-S. If the initial pH
is 8 to 8.5 the protein itself will supply sufficient buffering capacity to
maintain the pH in the region of maximum yield of RNase-S.
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The initial chromatographic separation of RNase-A can be avoided.
Since RNase-S moves more slowly on the column than any other com-
ponent of the mixture, it may be separated from a digest of the commercial
enzyme. An example of such a preparation is shown in Figure 1. It
is not possible to give exact directions for carrying out the digestion.
As will be seen in the first four entries in Table 2, RNase-A is digested
TABLE 2. ACTION OF NAGARSE ON VARIous RIBONUCLEASE SAMPLES
RNase samples 5 mg./ml. of Tris buffer 0.1 M, pH 8. Aliquots of a fresh
solution of Nagarse, 2 mg./ml. of water, were added to give the weight
ratio of Nagarse to RNase indicated in column 3. Digestion was carried
out at 2° C. for the time indicated.
Per centofinitialenzymeactivitypresent
Weight as "RNase-S' after digestion for:
Sample Lot no. ratio 24 hours 48 hours
RNase-A * 1:500 88 92
f -* 1:2000 48 -
L. Light - 1:500 62 69
i - 1:2000 20
Worthington R535 1:500 20 55
" R16 " 6 27
Sigma R99-80 " 52 80
Armour 381-059 " 69 86
381-062 " 71 81
* RNase-A sample prepared from the commercial sample from L. Light Co. Other
samples are the indicated commercial material used without purification.
more rapidly than the commercial sample from which it came. Whether
some change in structure is produced by the initial chromatography
or whether some inhibitor is removed during this step is not known. The
nucleotide contaminant frequently present in RNase preparations may be
important for this effect. There is also considerable difference in the
behavior of the various commercial preparations. The weight ratio of
Nagarse to RNase and time are important variables (Table 3). Even
though the conversion of RNase-A to RNase-S is very rapid compared
to subsequent proteolysis, RNase-S is slowly degraded to inactive products.
The fraction of the activity of the Nagarse digest represented by RNase-S
continually increases, but the yield based on the starting material passes
through a maximum. Thus the optimum conditions of Nagarse concen-
tration and time of digestion must be determined for each lot of com-
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mercial RNase. More consistent results are obtained with RNase-A
preparations, but about twice the time and effort in the preparative
steps is required.
The over-all yields of dry salt-free RNase-S obtained from several
batches were between 35 and 50 per cent based on the starting weight of
the commercial product. This compares favorably with the yield obtained
via RNase-A. Only about 60-70 per cent of most commercial prepara-
tions can be recovered as RNase-A. On subsequent digestion only about
TABLE 3. RIBONUCLEASE ACTIVITY DURING DIGESTION WITH NAGARSE
Sample of commercial RNase (L. Light Co.) 5 mg./ml. Tris buffer 0.1 M
pH 8. Digested with Nagarse at 20 C. Assay figures corrected for blank
(Am = 0.18).
Weight ratio (Nagarse:RNase)
1:500 1:1000
Assay be- Assay after RNase-S Assay before Assay RNase-S or
Time fore tryptic tryptic as per cent tryptic aftertryptic percentof
in digestion digestion of initial digestion digestion initial
hours AJBO A.60 activity AJBO AS.o activity
0 0.94 0 0.96 - 0
6 0.94 0.70 25 0.88 0.80 8
12 0.90 0.46 46 0.85 0.68 18
24 0.86 0.20 72 0.85 0.49 38
36 0.72 0.11 65 0.77 0.32 48
70-90 per cent of this material can be recovered as RNase-S. Again the
maximum over-all yield is about 50 per cent.
A sample of RNase-S obtained from runs such as shown in Figure 1
was fractionated with trichloroacetic acid.' The amino acid analysis of
the S-Peptide portion is shown in Table 4. It is clear that it is identical
to the product obtained from subtilisin digestion and that the proteolytic
attack of the Nagarse is also at bond 20-21 of the native enzyme.'
In Figure 1 the first small peak showing enzymic activity in undoubtedly
RNase-B. The next peak is close to the position expected for undigested
RNase-A. However, the activity of this peak is considerably reduced by
tryptic digestion, clearly showing the presence of some other component.
It appears that the latter is a modified RNase-B, (RNase-S(B)), which
moves more slowly on the Amberlite column just as RNase-S moves more
slowly than RNase-A. RNase-S(B) cannot be conveniently separated
s8
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from RNase-A. RNase-B must first be separated from RNase-A, then
digested and fractionated again.
A sample of Armour Lot No. 381-062 was chromatographed on CM-
cellulose. The pattern obtained was very similar to that shown by Taborsky
(ref. 8, Fig. 2). The two active peaks just ahead of RNase-A were
TABLE 4. AMINo ACID ANALYSES
Residues per mole
4)
0.96 0.97 18 4. 00
Te n210 2 9.710
Amino acid 3.0 2.91 3.
Lysine 1.96 1.03 2 8.8 10
Histidine 1.08 1.00 1 4.1 4
Arginine 0.96 0.97 1 4.1 4
Aspartic acid 1.24 1.11 1 15.3 15
Threonine* 2.03 1.90 2 9.7 10
Serine* 3.37 3.13 3 13.5 15
Glutamic acid 3.01 2.91 3 11.7 12
Proline 3.7 4
Glycine 3.0 3
Alanine 4.71 4.95 5 12.0 12
1/2 Cystine 7.4 8
Valine 8.7 9
Methionine 0.64 0.90 1 4.2 4
Isoleucine** 2.3 3
Leucine 2.1 2
Tyrosine 5.9 6
Phenylalanine 0.88 1.05 1 3.2 3
* Values obtained with 24-hour acid hydrolysates uncorrected for hydrolysis losses.
** Liberation of isoleucine from peptide linkages is incomplete in 24-hour acid
hydrolysates.
called RNase-B1 and RNase B2 (cf. B & C respectively in Fig. 2,
ref. 8). In this particular commercial sample these two peaks represent
much more of the total material than in most others investigated. Be-
cause of the extensiveoverlapping, the two B peaks were rechromatographed
on the same resin but with a more gradual sodium chloride gradient. Good
resolution was obtained and the small RNase-A contamination was
eliminated.
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From a subtilisin digest of RNase-B, RNase-S (B1) was obtained. This
material was fractionated into a peptide and protein portion with trichlor-
acetic acid. The recovery of RNase activity on mixing the inactive fractions
was linear up to a 1 to 1 mole ratio of peptide to protein with a sharp break
at that point. This behavior is identical to the RNase-S system and
indicative of very tight binding of peptide to protein.' On electrophoresis
at pH 6, the peptide from RNase-S (B1) moved only half as fast towards
the cathode as S-Peptide. This would indicate a difference of one unit
in charge. (See ref. 11, especially Fig. 4).
End group determinations by the Sanger procedure' showed only DNP-
glutamic acid as N-terminal residue in RNase-B1. In RNase-S(B1),
DNP-glutamic acid and DNP-serine were obtained. The protein part
gave DNP-serine with only a trace of DNP-glutamic acid and the peptide
part showed only DNP-glutamic acid. The uncorrected yields of the end
groups were low (10 to 40 per cent) but sufficient material was used that
even traces of other N-terminal residues would have been readily visible
on the chromatograms.
The amino acid analyses for some of these substances are shown in
Table 4.
The conclusions from these data are quite clear: RNase-B1 from Armour
Lot No. 381-062 appears to be identical to RNase-A except for the loss
of the N-terminal lysyl residue confirming the observations of Eaker
and King.* This substance is attacked by subtilisn at the same place as in
RNase-A so that the resulting peptide component has only 19 instead of 20
residues. The loss of this residue has no effect on the ability of the peptide
to combine with the protein component or on the enzymic activity of the
complex so produced.
The only end group observed in RNase-B2 was di-DNP-lysine. After
subtilisin digestion, the peptide component appeared to be similar to
S-Peptide. In this case the difference between the original material and
RNase-A probably lies in the "protein" portion of the molecule.
The total "B" component from Armour Lot No. 381-059, although also
showing two peaks on CM-cellulose chromatography, gave only di-DNP-
lysine as an endgroup. Thus the "B1" component in this lot must be different
from the deslysino-RNase described above for the other Armour lot.
It might appear possible to avoid chromatographic separations entirely
when one is concerned only with the preparation of S-Peptide from a
commercial sample, since undigested enzyme as well as S-Protein would
* Personal communication from Drs. T. P. King and D. Eaker. See also J. Polym.
Sci., 1961, 49, 45.
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be precipitated by the trichloracetic acid. However, the product is likely
to be very impure since each B component in the starting material will
yield a peptide, which may or may not be the same as S-Peptide, and
further degradation will produce a number of small unrelated peptides
from other parts of the molecule.
SUMMARY
The commercially available bacterial proteinase, "Nagarse," will convert
pancreatic ribonuclease to ribonuclease-S in 30 to 40 per cent yield.
Crystalline ribonuclease may be digested directly without prior separation
of ribonuclease-A. Procedures suitable for the preparation of ribonuclease-S
on a gram scale are described.
Several different ribonuclease-B components yield derivatives similar
to ribonuclease-S on digestion with subtilisin. With one particular sample
the peptide component of the derivative was only 19 residues long and had
lost the N-terminal lysyl residue usually present. The loss of this residue
did not measureably affect the binding of the peptide and protein parts
or the enzymic activity of the complex so produced.
REFERENCES
1. Richards, F. M. and Vithayathil, P. J.: The preparation of subtilisin-modified
ribonuclease and the separation of the peptide and protein components. J. biol.
Chem., 1959, 234, 1459-1465.
2. Giintelberg, A. V. and Ottesen, M.: Purification of the proteolytic enzyme from
bacillus subtilis. C. R. Lab. Carlsberg, 1954, 29, 36-48.
3. Ottesen, M. and Spector, A.: A comparison of two proteinases from bacillus
subtilis. C. R. Lab. Carlsberg, 1960, 32, 63-74.
4. Hagihara, B.: Bacterial and mold proteinases, in Boyer, P. D., Lardy, H., and
Myrback, K.: The Enzymes, (Vol. 4). New York, Academic Press, 1960.
5. Klee, W. A. and Richards, F. M.: The reaction of O-methylisourea with bovine
pancreatic ribonuclease. J. biol. Chem., 1957, 229, 489-504.
6. Spackman, D. H., Stein, W. H., and Moore, S.: Automatic recording apparatus
for use in the chromatography of amino acids. Analyt. Chem., 1958, 30,
1190-1206.
7. Hirs, C. H. W., Moore, S., and Stein, W. H.: A chromatographic investigation
of pancreatic ribonuclease. J. biol. Chem., 1953, 200, 493-505.
8. Taborsky, G.: Chromatography of ribonuclease on carboxymethyl cellulose
columns. J. biol. Chem., 1959, 234, 2652-2656.
9. Kunitz, M.: A spectrophotometric method for the measurement of ribonuclease
activity. J. biol. Chem., 1946, 164, 563-568.
10. Craig, L. C. and Konigsberg, W.: Dialysis studies. III. Modification of pore size
and shape in cellophane membranes. J. phys. Chem., 1961, 65, 166-172.
11. Vithayathil, P. J. and Richards, F. M.: Modification of the amino groups of the
peptide component of subtilisin-modified ribonuclease. J. biol. Chem., 1960,
235, 1029-1037.
12. Levy, A. L., in D. Glick (Ed.): Methods of Biochemical Analysis, (Vol II). New
York, Interscience Publishers, Inc., 1955, pp. 359-383.
591